The genome of the highly pathogenic Haemophilus parasuis Nagasaki strain (serovar 5) was sequenced to 99 % completion. A genomic comparison with two other pathogenic serovar 5 H. parasuis strains identified six genes per genome (bmaA1-bmaA6) encoding b-barrel monomeric autotransporters, bmaA2 and bmaA3 being pseudogenes in at least one strain. The remaining encoded proteins were predicted to belong to the subtilisin (BmaA1 and BmaA4) and cysteine (BmaA5 and BmaA6) protease families. Allelic polymorphism was detected in other H. parasuis strains by comparative genomic hybridization using microarrays. Recombination events were observed, some of them leading to gene disruption in one of the three strains, although synteny around bmaA genes was conserved. These results suggest that bmaA genes are undergoing a process of reductive evolution. To evaluate their use as potential vaccine antigens, the products of the passenger domains of bmaA1, bmaA4, bmaA5 and bmaA6 were produced in Escherichia coli as recombinant proteins. They were detected by immunoblotting using sera of colostrum-deprived piglets recovering from a sublethal infection with H. parasuis (Nagasaki). The existence of specific antibodies after infection with H. parasuis also demonstrated in vivo expression. Using proteomics, only BmaA6 was detected in the in vitro-grown Nagasaki strain. Interestingly, the translocator domain was found in the outer membrane, while the passenger domain was located in supernatants. These results indicate that BmaA proteins could be considered as immunogen candidates to improve H. parasuis vaccines. However, their capacity to confer protective immunity needs to be studied further.
INTRODUCTION
The type V secretion pathway, also called the autotransporter system, allows Gram-negative bacteria to secrete proteins to and beyond the bacterial surface via a translocation mechanism. Autotransporters are synthesized as a single polypeptide containing all the information required for their export and secretion (Henderson & Nataro, 2001; Henderson et al., 2004) . Monomeric autotransporters (AT-1), a subfamily of type V secretion proteins, consist of a cleavable N-terminal signal peptide (SP), a functional passenger domain, and a C-terminal region involved in the formation of a transmembrane pore. The passenger domain is exposed to the extracellular medium and sometimes it can be cleaved off. The nature of the passenger domain is diverse, and can display enzyme activity, and/or adhesive properties to epithelial cells or extracellular matrix proteins. Due to their role in virulence and their accessibility to immune effectors, AT-1 are considered suitable targets for vaccine development (Henderson et al., 2004; Wells et al., 2007) . However, within a single bacterial species, AT-1 coding genes can be in single or multiple copies, and display allelic and phase variation (Pallen et al., 2003; van der Woude & Henderson, 2008) . For these reasons, besides immunological studies, a genomic comparison among virulent strains is necessary to further consider these proteins as potential vaccine candidates (Jacobsson et al., 2009 ).
Glässer's disease is caused by virulent strains of Haemophilus parasuis, and is characterized by a rapid bacterial systemic dissemination from the respiratory tract, leading to fibrinous polyserositis, arthritis and meningitis. Fifteen serovars have been described. Although there is not a strict correlation between serovars and virulence, serovar 5 is considered to be highly pathogenic (Rapp-Gabrielson et al., 2006) . To date, no universal vaccine exists against this pig pathogen but, recently, putative virulence factors and vaccine candidates have been proposed (Olvera et al., 2010) and some of them tested in a mouse model (Zhou et al., 2009a) . In part, this was possible due to the analysis of complete (Yue et al., 2009; Xu et al., 2011) and partial (Pina et al., 2009 ) genome sequences and the derived immunoproteomic work (Zhou et al., 2009b) .
In the present study we conducted a comparative genomic analysis of the AT-1 coding loci and their neighbouring genes from three serovar 5 H. parasuis strains, determined their antigenicity and assessed their potential value as vaccine candidates.
METHODS
Bacterial cultures, DNA extraction, outer-membrane protein (OMP) purification and bacterin preparation. All procedures and strains were as described previously (Olvera et al., 2010; Pina et al., 2009) . The highly pathogenic H. parasuis Nagasaki strain, four nasal strains (SW114, F9, D74 and HP-3123) and six invasive strains (HP-1205 , HP-1302 , HP-1319 , HP-2163 , HP-2269 were tested (Pina et al., 2009) . Briefly, for DNA purification, H. parasuis strains were cultured on chocolate agar plates (bioMérieux) at 37 uC in a 5 % CO 2 atmosphere. Genomic DNA was extracted using commercial kits (Qiagen). For OMP preparation, bacterial cultures were grown to an OD 600 of 0.7 in PPLO agar supplemented with 1 % IsoVitaleX (Becton Dickinson). The whole-cell H. parasuis Nagasaki bacterin was prepared as previously described (Olvera et al., 2010) . Briefly, bacteria were used to infect pigs to test the virulence of the strain. Bacteria recovered from the peritoneal cavity of infected pigs were then plated onto chocolate agar, and resuspended in 0.2 % formalin in PBS. This suspension was left at 4 uC for 72 h to achieve complete inactivation and was adjuvanted using a commercial water-in-oil emulsion (Laboratorios HIPRA).
Construction of genomic libraries, genome sequencing, assembly and gene annotation. All procedures used here were as described previously (Pina et al., 2009 ). Genomic libraries of the H. parasuis Nagasaki strain were constructed in the pUC19 plasmid and sequenced using BigDye Terminator v3.1 chemistry (Applied Biosystems). Sequence assembly into contigs was accomplished using the PHRED, PHRAP and Consed (Gordon et al., 1998) software programs. ORF predictions were determined using a GeneMark heuristic approach (http://opal.biology. gatech.edu/GeneMark/heuristic_hmm2.cgi; Besemer & Borodovsky, 1999) . Homology searches were performed using the BLASTX, BLASTN and BLASTP algorithms (Altschul et al., 1990) . The domain architecture of the in silico translated genes was studied by searching the Pfam database (Bateman et al., 2004) at the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/Software/Pfam/).
Sequence analysis, phylogeny and predictions. Nucleotide and amino acid sequences were aligned using CLUSTAL W (Thompson et al., 1997) . SignalP (http://www.cbs.dtu.dk/services/SignalP/; Bendtsen et al., 2004) and PSORTb (http://www.psort.org/psortb/; Gardy et al., 2005) were used to search for SPs. Structure homology modelling was performed with SWISS-MODEL (http://swissmodel.expasy.org/; Arnold et al., 2006) . In addition, proteases and their catalytic sites were predicted using the MEROPS database (http://merops.sanger.ac.uk/; Rawlings et al., 2010) . Phylogenetic analysis of amino acid sequences was performed using Phylogeny.fr (http://www.phylogeny.fr/; Dereeper et al., 2008) . BmaA protein orthologues were searched using the BLAST Explorer (http://www.phylogeny.fr/version2_cgi/one_task.cgi? task_type=blast; Altschul et al., 1990) application. The 30 best hits were selected for phylogenetic analysis. Alignments and phylogeny reconstruction were performed using the Advanced Phylogenetic Analysis pipeline (http://www.phylogeny.fr/version2_cgi/advanced. cgi; Dereeper et al., 2008) . Multiple amino acid sequence alignments were performed using MUSCLE (Edgar, 2004) and curated with Gblocks (Castresana, 2000) . Maximum-likelihood phylogenetic trees were constructed using PhyML (Guindon et al., 2010) and evaluated using 100 bootstraps.
Comparative genomic hybridization (CGH). Inserts from 11 recombinant plasmids, containing non-overlapping or partially overlapping coding sequences of the bmaA genes, were selected from the assembled contigs. The procedures to perform this microarray for CGH were as previously described (Pina et al., 2009) . Briefly, a fragment of the 16S rRNA gene, which was 98 % identical to all H. parasuis 16S rRNA genes, was used as a positive control, as were 60 DNA fragments corresponding to single-copy genes well conserved in bacteria (ribosomal proteins, RNA and DNA polymerases, metabolic enzymes, etc.). A 750 bp polynucleotide encoding a mammal prion protein was chosen as the negative control. Inserts of the selected clones were amplified by PCR and spotted in triplicate.
Genomic DNA of the reference strain (Nagasaki) and test strains (the other H. parasuis strains) were labelled with dCTP-Cc3 and dCTPCc5, respectively. Equal amounts of labelled genomic DNA from the reference strain and one of the test strains were then pooled and placed onto prehybridized slides. The fluorescence intensity signals from Cc5 and Cc3 were analysed, and after subtracting the local background, channel intensity normalization was performed with signals obtained from the 16S rRNA gene fragment. Signal intensities for triplicate spots with a threefold increase compared with the negative controls (prion gene) were considered positives. Ratios (Cc5 test strain/Cc3 reference strain or Cc5 reference strain/Cc3 reference strain) were calculated for each spot and averaged. The Cc5 reference strain/Cc3 reference strain ratio should be equal to 1.0 to ensure that the incorporation efficiency and yield of the Cc5 and Cc3 labelling is equivalent. Ratios below 0.3 indicated high divergence or absence of a gene in the test strain compared with the Nagasaki strain. Ratios between 0.3 and 0.8 indicated moderate sequence variability. Finally, ratios between 0.8 and 1.5 indicated conservation of the gene (Read et al., 2003; Salama et al., 2000) .
Partial PCR amplification of the bmaA genes. Specific primers were designed along the sequence of each of the bmaA genes of H. parasuis (Supplementary Table S1 ). Partial PCR amplification was performed to cover the segments of the genes not included in the microarray. For each amplification, 15 ng genomic DNA of invasive or non-invasive strains, and 10 pmol of each forward and reverse primer, were used for a typical reaction in a final volume of 10 ml. The results were analysed by electrophoresis on a 2 % agarose gel and SYBR Gold staining.
Recombinant expression of BmaA passenger domains. The passenger domains, excluding the translocator domain and the SP, of the bmaA1, bmaA4, bmaA5 and bmaA6 genes of the Nagasaki strain were amplified with the primers listed in Table 1 . The gene fragments were cloned in the pASK-IBA33plus plasmid (IBA-BioTAGnologies) and transformed in Escherichia coli Rosetta BL21(DE3)pLysS (Novagen -Merck Chemicals). Induction and production of the recombinant proteins with a C-terminal 66 histidine tag were performed as previously described (Olvera et al., 2010) . The peptides were purified using the HisSpinTrap kit (GE Healthcare) and quantified with the BCA Protein Assay kit (Thermo Scientific Pierce).
Analysis of OMPs and culture supernatant proteins of H.
parasuis. OMPs were purified using the sodium N-lauroyl sarcosinate method (Carlone et al., 1986) . Proteins from supernatants were precipitated by the TCA/acetone method (Lee et al., 2006) . Ten to 25 mg of proteins for each sample were analysed by SDS-PAGE. MALDI-TOF MS and MASCOT analysis were conducted in the Institut de Biotecnologia i Biomedicina (ProteoRed Network, Universitat Autò noma de Barcelona, Spain). Briefly, proteins recovered from acrylamide gels were digested with trypsin prior to MALDI-TOF spectrometry. The analysis was performed with a maximum missed cleavage site of one, variable modifications for cysteine (carbamidomethyl) and methionine (oxidation), and a peptide mass tolerance of 100 p.p.m. A probability-based Mowse score greater than 46 (P,0.05) was considered as significant according to the MASCOT software (Matrix Science). A local database with the genomic information of the Nagasaki strain was used to search proteins of this strain.
Experimental infection and immunization. All procedures involving animals followed EU norms (Council Directive 86/609/EEC) and were performed in HIPRA S.A. Laboratories. Six snatch-farrowed colostrum-deprived pigs (Large White6Landrace) were used in this study (Blanco et al., 2004) . At 21 days after birth the animals were divided into two groups. The first group (animals 127, 131, 172 and 198) was intranasally inoculated with a subclinical dose (10 6 c.f.u. per animal) of H. parasuis Nagasaki, whereas the second group (animals 122 and 143) was intramuscularly vaccinated with an H. parasuis Nagasaki bacterin (equivalent to 10 9 c.f.u. per animal) and boosted 15 days later. Pre-immune sera were collected 7 days pre-infection or pre-immunization, and immune sera were collected at 7, 14, 22, 27 and 42 days post-treatment (infection or immunization). All pigs were euthanized at 42 days post-treatment.
Immunoblotting of recombinant BmaA passenger domains.
Procedures for immunoblotting were as previously described (Olvera et al., 2010) . Briefly, after SDS-PAGE, purified proteins were transferred to a Hybond ECL nitrocellulose membrane (GE Healthcare), and revealed using the ECL Advance Western blotting detection kit (GE Healthcare). After blocking, the membranes were cut into strips containing 1 mg recombinant protein, and incubated with different pig sera diluted 1 : 2000 in blocking solution. The presence of IgG in sera from subclinically challenged animals and bacterin-immunized animals was detected by chemiluminescence using a mouse anti-porcine IgG (AbD Serotec) conjugated with horseradish peroxidase diluted 1 : 250 000. Imaging was performed with a Fluorochem HD2 chemiluminescent workstation (Alpha Innotech).
RESULTS

Identification and characterization of monomeric autotransporters of H. parasuis
The genome of H. parasuis (Nagasaki) was estimated to have a length of 2.4 Mbp by PFGE (data not shown). Ninety-nine per cent of the genome was sequenced using a shotgun strategy (Pina et al., 2009) , where 34 935 reads were assembled into 90 contigs with 126 genome coverage. Annotation of the H. parasuis Nagasaki strain revealed the presence of six ORFs that once translated in silico had significant homologies (an E-value of ,e 205 ) with AT-1 proteins from many bacterial species, including, first, strains 29755 and SH0165 of H. parasuis. Further bioinformatic characterization of the six Nagasaki ORFs was conducted for detection of SPs, conserved domains, patterns and 3D modelling. Results are summarized in Table 2 . All six ORFs were predicted, both with Pfam and with SWISS-MODEL, to display at their C terminal a b-barrel domain characteristic of monomeric autotransporters, and were thereafter named BmaA1 to BmaA6. The passenger domains of BmaA1, BmaA3 and BmaA4 were shown to encode putative serine proteases of the subtilase family. Cysteine protease domains were only predicted with 3D modelling and MEROPS for the passenger domains of BmaA5 and BmaA6. In contrast, no significant prediction could be found for the passenger domain of BmaA2. *NSM, no significant match. DSP prediction was performed with ZP_0247773. dprecMM, molecular mass of the precursor protein; matMM, molecular mass of the mature protein. §PF00082, subtilase_S8 family; PF03797, autotransporter beta-domain; PF09028, Mac-1. ||3tecE, thermitase from Thermoactinomyces vulgaris; 1uyoX, NalP translocator domain from Neisseria meningitidis; 2qomB, EspD translocator domain from E. coli; 1y34E, subtilisin BPN from Bacillus amyloliquefaciens; 1r6vA, fervidolysin from Fervidobacterium pennivorans; 2avwB, cysteine protease Mac-1 from Streptococcus pyogenes.
The homologue of bmaA2 in strain 29755 is disrupted into three fragments. # Homologues of bmaA3 and bmaA4 are annotated as pseudogenes in strain SH0165; the locus_tag number is provided.
Monomeric autotransporters of H. parasuis
Comparative genomic organization of monomeric autotransporters of three H. parasuis serovar 5 strains
Comparative analysis of the bmaA genes and their surrounding genes in strains SH0165, 29755 and Nagasaki revealed a nearly conserved synteny (Figs 1, 2 and 3) .
The first autotransporter, named BmaA1, exhibits a subtilisin domain (Fig. 1a) . BmaA1 is conserved in all three strains, with the exception of some amino acid substitutions and a 19 aa gap in strain 29755 ( Supplementary Fig. S1 ). Next to the 59 end of all bmaA1 genes, a truncated copy of dog2 was identified. Note that in strain 29755, bmaA1 has been annotated as ribosome-binding factor A (rbfA). The correct rbfA gene (ZP_02478918) is situated next to bmaA1 (Fig. 1a) .
In strains SH0165 and Nagasaki, the bmaA2 genes were predicted to be full-length genes encoding an SP and the translocator domain. However, in strain 29755, bmaA2 (ZP_02477473) was interrupted by a large DNA insertion (Fig. 2) , where a truncated arg (ZP_2477476) gene, and a hypothetical (ZP_02477475) and a full-length vtaA (ZP_02477474) gene were identified. This vtaA gene encodes a trimeric autotransporter with a shorter form of the extended SP and lacks characteristic internal collagen repeats. In a previous study (Pina et al., 2009) , the structure of 30 trimeric autotransporters from pathogenic H. parasuis strains was characterized and showed a similar organization, comprising an extended leader peptide, a passenger domain composed of the adhesin-characteristic Hep-Hag motifs and HIM repeats, and a Yada C-terminal translocator domain responsible for forming the anchor domain embedded in the outer membrane. All the 30 VtaA proteins contain a variable number of collagen-like repeats centrally located between the HIM motifs (Pina et al., 2009) . Furthermore, left of the insertion, two genes encoding hypothetical proteins (ZP_02477477 and ZP_02477478) had significant homologies to the predicted BmaA2 SP and N-terminal region of the two other H. parasuis strains. Multiple alignments showed that most of the diversity was clustered in the passenger domains, Fig. 1 . Genomic comparison of the predicted subtilase genes bmaA1 (a), bmaA3 (b) and bmaA4 (c), and the surrounding regions of three serovar 5 H. parasuis strains. Length of genes is not to scale. Pseudogenes are represented by rectangles and lines interrupting rectangles are the positions of frameshifts. glgP, Glycogen phosphorylase; rplY, 50S ribosomal protein L25; dog2, 2-deoxyglucose 6-phosphatase; rbfA, ribosome-binding factor A; truB, tRNA pseudouridine synthase B; ndk, nucleoside diphosphate kinase; metG, methionyl-tRNA synthetase; HP, hypothetical protein; ilvM, acetolactate synthase 2 regulatory subunit; acpP, acyl carrier protein; proS, prolyl-tRNA synthetase; ISAma3, insertion sequence transposase; IS4, insertion sequence transposase IS4 family; tra5, phage-associated transposase; IS222, insertion sequence transposase IS3 family; ISCro4, insertion sequence transposase IS3 family; mesJ, cell-cycle protein; pdxY, pyridoxamine kinase.
while the predicted translocator domains were 95-97 % identical to BmaA2 of strain 29755 ( Supplementary Fig. S2 ).
Although it has no predicted SP, bmaA3 from strain 29755 (ZP_02477735) was apparently full-length, with a start methionine. This ORF was annotated as ilvM (acetolactate synthase 2 regulatory subunit), while the authentic ilvM gene (ZP_02477733) was located downstream of bmaA3 (Fig. 1b) . Sequence comparison ( Supplementary Fig. S3 ) revealed that the bmaA3 genes of strains Nagasaki and SH0165 were interrupted by one and two frameshifts, respectively. Multiple alignments of the different BmaA3 ORFs followed by a subsequent analysis in the MEROPS database showed a highly conserved putative subtilisin domain including all four amino acids (D, H, N and S) involved in the catalytic site.
Another autotransporter, BmaA4, was found in all three strains displaying a putative subtilisin domain. In strain 29755 (ZP_02478805), it was annotated as pyridoxamine kinase (pdxY), while the authentic pdxY gene (ZP_02478801) is situated downstream of the autotransporter (Fig. 1c) . In strain SH0165, the homologue of bmaA4, HAPS_1685, is annotated as a pseudogene due to the presence of a single frameshift. However, the protein encoded by this gene is expressed at the cell surface of strain SH0165, as indicated by immunoproteomic experiments (Zhou et al., 2009a) .
Multiple alignments of BmaA4 among the three strains revealed a strong conservation of the putative translocator and subtilisin domains. Amino acid positions associated with the catalytic site were also conserved ( Supplementary Fig.  S4 ). In addition, a truncated copy of mesJ, and transposases or fragments of them, were inserted in all three strains between bmaA4 and pdxY (Fig. 1c) .
In the three strains, the genes bmaA5 and bmaA6 are separated by purD and proA and in inverted orientations (Fig. 3) . Within strains Nagasaki and SH0165, levels of identity between the translocator domains of BmaA5 and BmaA6 reached at least 98 % at both the amino acid and the nucleotide level. These autotransporters could not be totally assembled in strain 29755, as the passenger and the translocator domains are in two different contigs (NZ_ ABKM01000073 and NZ_ABKM01000132). Nonetheless, the passenger domains of BmaA5 and BmaA6 were very similar between strains, in particular with respect to their predicted cysteine peptidase domains and catalytic sites (Supplementary Figs S5 and S6) . Of interest is the presence of a full-length mesJ gene next to bmaA5.
BmaA phylogenetic analysis
Only distant relatives of BmaA were found and few alignment positions could be used after Gblocks curation Fig. 2 . Genomic comparison of bmaA2 and the surrounding regions of three serovar 5 H. parasuis strains. Length of genes is not to scale. Pseudogenes are represented by rectangles. ldhA, Glycerate dehydrogenase; purB, adenylosuccinate lyase; arg, ornithine carbamoyltransferase; vtaA, virulence-associated trimeric autotransporter; dps, ferritin and DNA-binding stress protein; CHP, conserved hypothetical protein. (between 64 variable positions for BmaA2 and 267 for BmaA5 and BmaA6). As expected, some bacterial species contained paralogous genes ( Supplementary Fig. S7 ). BmaA1 and BmaA3 shared 26 of their 30 best hits and were analysed together. Orthologous genes were found in two Pasteurellaceae (Actinobacillus minor and Pasteurella dagmatis) and in some fusobacteria, actinobacteria and betaproteobacteria. BmaA5 and BmaA6 shared 29 of their best hits, all of them within the enterobacteria. In this case, sequence homology was concentrated in the monomeric translocator, as thiol proteases are not found in E. coli. Interestingly, two of them were inside E. coli phages. BmaA2 orthologues were found in some fusobacteria, but mainly in proteobacteria (enterobacteria and Neisseria) and Firmicutes. BmaA4 orthologues were found in fusobacteria, alphaproteobacteria, betaproteobacteria, epsilonproteobacteria and gammaproteobacteria.
Intraspecies bmaA distribution CGH by microarrays and PCR amplification indicated different distributions among H. parasuis strains for the different bmaA genes (Table 3 ). The microarray was previously validated with a set of 60 conserved sequences among bacteria and a set of 30 genes of fully sequenced variable trimeric autotransporters (vtaA) (Pina et al., 2009) . Based on this work and others (Brunelle et al., 2004) , a Cc5/Cc3 ratio of ,0.3 defines target/test DNA fragments below 60 % identity. A ratio of 0.3-0.8 corresponds to sequence identities of 60-90 %. Finally, a ratio .0.8 corresponds to sequence identities of 90 % or higher. In all cases, mean (±SD) Cc5 reference strain/Cc3 reference strain ratios were equal to 1.0±0.1.
The bmaA1 gene was more conserved among non-invasive strains than pathogenic strains, while bmaA2 and bmaA3 were mostly highly to moderately divergent for all strains. Also, bmaA4 was highly to moderately conserved for the subtilisin and translocator domains, independent of the strains. As assessed by PCR, the bmaA5 cysteine peptidase domain was present in all strains. With the exception of strain SW114, part of the stalk of other non-invasive strains could not be amplified. However, the microarray data indicated the presence of a bmaA5 stalk in all strains. The bmaA6 gene was highly conserved among strains, both invasive and non-invasive. With the exception of bmaA1, strain HP-2163 had the PCR and CGH patterns most similar to those of the Nagasaki strain.
Proteomic analysis of OMPs and culture supernatant proteins of the Nagasaki strain
All proteins obtained from the outer membrane and the culture supernatant of the Nagasaki strain were analysed and identified by MALDI-TOF. The translocator domain of BmaA6 was present (Mowse score586 with 59 % coverage) with the lipoprotein Plp4 (Mowse score5122, 52 % coverage) in the OMP fraction at a molecular mass of 30 kDa, in accordance with its predicted mass of 28.5 kDa (Fig. 4a) . In culture supernatants, a protein of 65 kDa was identified as BmaA6 with a Mowse score of 64 and 19.5 % coverage of the predicted passenger domain. This value of 65 kDa was not in agreement with the predicted molecular mass of the passenger domain (54.5 kDa) or with the entire BmaA6 mature protein (82.9 kDa). Nonetheless, the purified recombinant BmaA6 passenger domain also migrated above the expected molecular mass (Fig. 5) . However, with the exception of one peptide, all others identified by MALDI-TOF mapped to the passenger domain (Fig. 4b) . These results strongly suggest that BmaA6 is expressed in H. parasuis (Nagasaki) grown in vitro, and that it is processed by proteolytic cleavage to release the passenger domain in the culture supernatant. None of the other BmaA proteins was detected by MALDI-TOF, either in the outer membrane or in culture supernatants.
BmaA1, BmaA4, BmaA5 and BmaA6 are antigenic proteins expressed in vivo
From the above genomic and proteomic analysis, bmaA1, bmaA4, bmaA5 and bmaA6 passenger domains were selected for recombinant protein expression in E. coli. Indeed, bmaA2 and bmaA3 were discarded because they were predicted to be pseudogenes in at least one of the three H. parasuis strains analysed. Recombinant proteins were assayed by Western blotting against sera collected before infection, and at 27 and 42 days post-infection from pigs undergoing a subclinical infection with H. parasuis (Nagasaki) or immunized with a Nagasaki bacterin (Fig. 5) . Pooled pre-immune or pre-infected sera were used as negative controls. BmaA5 and BmaA6 were specifically detected with a greater intensity than BmaA1 and BmaA4, although these latter two proteins elicited an earlier antibody response. However, a great variation was observed between animals. Overall, infected pigs (198, 172, 131 and 127) were more reactive toward BmaA proteins than immunized animals (122 and 143). This result shows that all four BmaA proteins tested are antigenic and expressed by H. parasuis (Nagasaki) during an infection. Also, inactivated in vitro-grown bacteria (bacterin) elicit a weak antibody response against BmaA passenger domains, with the exception of BmaA5, when used to immunize swine. This last result also strongly suggests that BmaA1 and BmaA4 are present in bacteria grown in vitro, although they were not detected by MALDI-TOF.
DISCUSSION
One of the conditions for an antigenic protein to be used as a vaccine candidate is its genetic stability; it has to be conserved among strains, particularly in highly variable bacteria such as H. parasuis. For this reason we studied the presence of the different bmaA genes in silico in sequenced H. parasuis genomes, and by CGH and PCR in a panel of 11 strains. CGH and PCR indicated that bmaA4, bmaA5 and bmaA6 were conserved among all strains tested, while bmaA1, bmaA2 and bmaA3 were highly to moderately divergent. Although synteny was nearly conserved in the genomic regions encompassing bmaA genes, bmaA2 and bmaA3 were interrupted by large insertions and frameshifts, respectively, in some strains. Phylogenetic reconstructions of BmaAs and comparison with bacterial phylogeny (Wu et al., 2009) revealed that BmaA5 and 6 translocator domains were paralogues, with orthologues only in the enterobacteria (mainly in E. coli). This, together with the presence of orthologues (eibA and eibC) in E. coli phages and the presence of multiple phages in the H. parasuis genomes, indicates a possible lateral transfer of these genes. More obscure is the origin of the remaining bmaA genes, given their high sequence variation. It is known that intracellular bacteria or bacteria that are unable to survive outside their host, such as H. parasuis, undergo genome reduction (Fraser-Liggett, 2005 ). This phenomenon is progressive during the course of adaptation of the bacteria, and is accompanied first by an expansion of mobile genetic elements and then by development of pseudogenes (Mira & Pushker, 2005; Mira et al., 2006 ). The present study indicated that bmaA genes of H. parasuis are undergoing genomic reduction, with each strain being in a different evolutionary state. Indeed, bmaA3 is affected by different frameshifts in strains Nagasaki and SH0165, but is present at full length in strain 29755. Some strain variability is also observed in sequences flanking bmaA3, with presence or absence of hypothetical proteins and pseudogenes, which can produce a particular instability in this DNA region characteristic of the development of pseudogenes (Mira et al., 2006) . Alternatively, the large insertion in the bmaA2 gene of strain 29755 might be due to lateral gene transfer, as one of the inserted elements, a trimeric autotransporter gene Table S2 ). These observations, together with the fact that transposases or fragments of them are present near bmaA4 in the three strains, suggest that transposition is also a mechanism for shaping the AT-1 coding genes. Therefore, these genetic regions seem to be highly unstable and in the process of evolution to remove redundancy. So far, in other Pasteurellaceae, at least one, but no more than four, potential AT-1 genes have been detected per genome. Although the presence of AT-1 passenger domains with a serine protease is a constant in these genomes, the passenger domains of BmaA5 and BmaA6 have no homologues in the Pasteurellaceae. The present study predicts them to be cysteine proteases, based on comparative protein modelling, the presence of evenly spaced amino acids in catalytic sites, and a weak match with the MAC1 domain (PF09028). Cysteine proteases with a MAC1 domain have been described in Streptococcus, and play a role in virulence by cleaving IgG1 antibodies, inhibiting opsonophagocytosis by polymorphonuclear cells and production of reactive oxygen species (Agniswamy et al., 2004) . However, their role as a virulence factor in H. parasuis will have to await functional analysis.
It appears that the type V secretion system repertoire, including the AT-2 proteins (Pina et al., 2009) , is particularly extended in H. parasuis as opposed to other Pasteurellaceae, suggesting that it plays a major role in hostbacteria interactions. Moreover, the type V secretion system of H. parasuis is still evolving, as indicated by the variable number of genes in different strains, and numerous transposition and indel events within or surrounding these genes, making this bacterium an appropriate model for studying bacterial evolution in the context of its host adaptation.
Our proteomics results were in accordance with previous studies using strain SH0165 (Zhou et al., 2009a, b) , with two exceptions. In contrast to strain SH0165, BmaA4 was not identified in the Nagasaki strain, while BmaA6 was found in the Nagasaki strain but not in strain SH0165. Proteomic results also indicated that BmaA6 could be cleaved, as the passenger domain was found in culture supernatants.
BmaA1, 4, 5 and 6 are minor proteins of the outer membrane and extracellular fractions of H. parasuis grown in vitro, and showed reactivity with antisera from pigs subclinically infected with H. parasuis (this work and Zhou et al., 2009a) . In addition, their conserved amino acid sequences in three serotype 5 pathogenic strains make them attractive antigens. In this respect, in other bacterial models, immunization with recombinant AT-1 has led to different outcomes. Intranasal administration of the Hap passenger domain, a serine protease AT-1, reduces nasopharyngeal colonization upon Haemophilus influenzae challenge in mice (Liu et al., 2004) . On the other hand, the highly conserved AasP autotransporter of Actinobacillus pleuropneumoniae did not confer protection in pigs when a denatured recombinant protein was injected intramuscularly (Oldfield et al., 2009) . Thus, the mode of antigen administration might be crucial to assess candidates for vaccine development.
AT-1 proteins of H. parasuis, selected here for recombinant protein expression, have a relatively low allelic variability within serovar 5 strains and are expressed during an infection. However, a greater number of pathogenic strains need to be analysed to select antigens for a universal H. parasuis vaccine.
